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SUBJECT: Updated S - I 1  Longi tudina l  
S t r u c t u r a l  Model - Case 320  

I. 

ABSTRACT 

The S-I1 27  l o n g i t u d i n a l  s t r u c t u r a l  model described 

i n  Memorandum f o r  F i l e ,  "S-I1 27 Degree-of-Freedom 

Longi tudina l  S t r u c t u r a l  Model - Case 3 2 0 ,  da t ed  May 23, 1 9 6 9 ,  

by H. E. Stephens,  has been revised t o  i n c l u d e  an a d d i t i o n a l  

node i n  each t h e  t h r u s t  s t r u c t u r e  and LOX tank  bottom. 

The model now d u p l i c a t e s  t h e  AS-504 inboard engine/  

LOX sump phase r e l a t i o n s h i p  as observed i n  f l i g h t ,  and g i v e  a 

reasonable  c o r r e l a t i o n  of c a l c u l a t e d  ampli tudes and f r equenc ie s  

t o  f l i g h t  response.  

(NBSA-CR-107164) UPDATED 5-2 LONGITUDINAL 
STRUCTURAL MODEL ( B e l l c o a m ,  Tnc . )  13 p N79-72 18 1 

Unclas 
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DATE: J u l y  18 ,  1 9 6 9  

FROM: H.  E .  Stephens 

MEMORANDUM FOR FILE 

1. An S-I1  l o n g i t u d i n a l  s t r u c t u r a l  model w a s  desc r ibed  
i n  Reference 1, b u t  t h e  modal d a t a  from t h a t  model d i d  n o t  
d u p l i c a t e  t h e  engine-LOX sump phase r e l a t i o n s h i p  as observed 
on t h e  AS-504 f l i g h t .  This  memorandum d e s c r i b e s  t h e  r e v i s i o n  
of t h a t  model t o  inc lude  an a d d i t i o n a l  t h r u s t  s t r u c t u r e  node 
and LOX tank node, and t h e  c o r r e l a t i o n  of t h e  model r e s u l t s  
w i t h  observed f l i g h t  d a t a .  

2 .  The t h r u s t  s t r u c t u r e  s t i f f n e s s  ma t r ix  of Reference 2 
w a s  used as t h e  basis  f o r  adding another  node i n  t h e  t h r u s t  
cone, node 28 Figure  1. I n  the  absence of d e t a i l  in format ion ,  
t h e  s t i f f n e s s  va lues  of Reference 2 were reduced by 5 p e r c e n t  
as an allowance f o r  t h e  AS-504 t h r u s t  s t r u c t u r e  be ing  l i g h t e r  
t han  f o r  AS-503. A va lue  f o r  t h e  c e n t e r  engine beam s t i f f n e s s ,  
K24  F igure  1, was s e l e c t e d  t o  g i v e  a beam frequency of 1 6 . 8  
cps  a s  observed i n  f l i g h t .  This r e v i s i o n  a l so  s h i f t e d  t h e  h i g h e r  
frequency t h r u s t  s t r u c t u r e  mode from 2 1 . 7  t o  23 cps wi th  a 
dec rease  i n  inboard engine ga in ,  whi le  i n c r e a s i n g  t h e  g a i n  of 
t h e  15+ cps t h r u s t  s t r u c t u r e  mode. 

3. The s i n g l e  degree-of-freedom LOX tank bottom w a s  
changed t o  a t w o  mass system as shown i n  F igure  2.  D i s t r i -  
b u t i o n  of t h e  LOX mass between t h e  t w o  nodes,  and a choice 
of va lues  f o r  t h e  e q u i v a l e n t  tank  bottom s p r i n g  c o n s t a n t s  
wasdetermined a t  each t i m e  po in t  i n  a manner t o  d u p l i c a t e  
t h e  f i r s t  t w o  observed LOX tank f r equenc ie s .  The va lues  of 
t h e  f r equenc ie s  f o r  t h e s e  two modes, based on S - I 1  s t a t i c  
f i r i n g s  and t h e  M I N I - A  t e s t ,  are p l o t t e d  i n  Figure 5 and 
l i s t e d  i n  Table I .  

Refe r r ing  t o  Figure 2, l e t :  

A =  

B = M2/M1, and 

R = w / o  2 1  

(THRU) 
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The equa t ion  f o r  t h e  f r equenc ie s  of t h e  two mass 
system, as given i n  F igure  2 ,  t hen  becomes: 

w 2  = ( ( l+A+B)  - + - d ( 1 + A + B I 2  - 4A)) K 2 / 2 M 2  . 

The smallest va lue  of R t o  be used i n  t h i s  modeling 
exercise, as determined by the  t e s t  d a t a ,  i s  1.43, f o r  which 
it i s  found t h a t  B must be less than  0.125 f o r  t h e  t w o  f r e -  
quencies  t o  e x i s t .  For R = 1.43 and B = 0.125, A i s  found t o  
be 1.03. For a l i m i t i n g  case of w nea r  w it i s  found t h a t  
t h e  maximum a l lowable  va lue  of A+B approaches 1, compared t o  
A+B = 1.155, as computed above. The l i m i t i n g  case  of A+B = 1 
i s  used f o r  t h i s  problem and is found t o  have l i t t l e  e f f e c t  on 
t h e  value of B .  For l a r g e r  va lues  of R ,  say  3 ,  va lues  of A and 
B should be computed on an i n d i v i d u a l  b a s i s  f o r  each t i m e  p o i n t .  
The fo l lowing  equat ions  r e s u l t :  

2 1' 

(R2-1 )  

( R 2 + 1 )  
A =  1 - 

B = 1 - A  

- M~~~~ 
M1 - (1 + B) 

M~ = M~~~~~ - M~ 

K 2  = w 2 M 2 / ( 1  2 + 6) 

K1 = AK2/B 
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A weak s p r i n g  Of 1 0 , 0 0 0  pounds/inch was added between 
t h e  LOX sump and inboard engine t o  r e p r e s e n t  t h e  e f f e c t  of t h e  
LOX s u c t i o n  l i n e .  I t  w a s  found t h a t  t h i s  s p r i n g  only a f f e c t e d  
LOX tank  response near  burnout as t h e  LOX w a s  dep le t ed  (T=360 
t o  370 seconds) .  I n  ear l ier  f l i g h t  t i m e s ,  t h e  e f fec t  of t h i s  
s p r i n g  must be inc luded  when examining t h e  c e n t e r  beam response 
frequency. 

The t i m e  v a r i a n t  LH and LOX tank i n p u t  parameters 
are given i n  Table I ,  wi th  t h e  computed s p r i n g  cons t an t s  and 
mass d i s t r i b u t i o n  t a b u l a t e d  i n  Table  11. 

2 

4. The f i r s t  n ine  S-I1 l o n g i t u d i n a l  modal f r equenc ie s  
ve r sus  f l i g h t  t i m e  are p l o t t e d  i n  F igure  3, w i t h  modes 4 
through 9 a l so  shown i n  Figures  4 and 5 on an expanded scale 
f o r  T = 200 t o  370 seconds.  Phase r e l a t i o n s h i p s  a r e  shown 
i n  F igure  4, and the major component f r equenc ie s  of i n t e r e s t  
a r e  p l o t t e d  i n  F igure  5. 

5. S a l i e n t  f e a t u r e s  of t h e  observed f l i g h t  d a t a  were: 

a. 

b. 

C.  

A maximum inboard engine  a c c e l e r a t i o n  of 
12 g ' s t  ze ro  t o  peak, a t  about  T = 342 seconds 
and 1 6 . 8  cps.  Based on P c  = P s i  O-peak. 

A LOX tank sump a c c e l e r a t i o n  of  8 g ' s  a t  
t h e  t i m e  of maximum inboard engine acce l -  
e r a t i o n ,  w h i c h  w a s  i n  phase w i t h  t h e  inboard 
engine.  

An inboard engine a c c e l e r a t i o n  response 
frequency inc rease  from 16.8 cps a t  T = 342 
seconds t o  19 cps a t  burnout ,  w i th  t h e  measured 
phase angles  i n d i c a t i n g  t h a t  t h e  v e h i c l e  
response frequency du r ing  t h i s  pe r iod  corre- 
sponded t o  t h a t  of a s t r u c t u r a l  mode. During 
t h i s  per iod  the  inboard and outboard engines  
were o u t  of phase and the  LOX sump i n  phase 
w i t h  t h e  inboard engine.  J u s t  p r i o r  t o  
T = 342 seconds,  t h e  inboard and outboard 
engines  were i n  phase.  

6 .  C o r r e l a t i o n  of t h e  computed d a t a  w i t h  f l i g h t  d a t a  
i s  as fol lows:  

a. From Figure  4, it is  seen  t h a t  f o r  t h e  5 th  
mode the engines go o u t  of phase a t  1 7  cps 
and T = 340 seconds,  as compared t o  16.8 cps  
and T = 342 seconds i n  f l i g h t .  The 5 t h  mode 
LOX sump response i s  i n  phase w i t h  t h e  inboard 
engine du r ing  t h i s  p e r i o d ,  as observed i n  f l i g h t .  
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b. The f l i g h t  observed phase angles  i n d i c a t e ,  
t h a t  j u s t  p r i o r  t o  T = 340 seconds t h e  t o t a l  
v e h i c l e  system i s  be ing  fo rced  a t  17+ cps 
and responding t o  a s t r u c t u r a l  mode whose 
n a t u r a l  frequency i s  s l i g h t l y  less. Q u a l i -  
t a t i v e l y ,  t h e  e x i s t e n c e  of t h e  5 th  mode a t  
1 7  cps and T = 340 seconds would permi t  t h i s  
behavior  when cons ide r ing  t h e  17.3 cps system 
f l i g h t  response a t  T = 340 seconds,  as shown 
i n  F igure  5. The f l i g h t  response f r equenc ie s ,  
as taken from t h e  spectrum a n a l y s i s ,  are 
p l o t t e d  on Figure 5 and fo l low t h e  same 
g e n e r a l  shapes a s  t h e  computed modal f r e -  
quencies .  More s p e c i f i c a l l y :  

(1) The p l o t  of l o w e s t  frequency LOX sump 
response shown on Figure  5 co inc ides  
wi th  t h e  4th v e h i c l e  mode u n t i l  T = 260 
seconds,  t h e  4th mode be ing  t h e  t o t a l  
veh ic l e*  s t r u c t u r a l  response t o  t h e  
f i r s t  LOX t ank  mode. Between T = 260 
and T = 340 seconds,  t h e  v e h i c l e  system 
response makes a t r a n s i t i o n  ( i n  frequency) 
from t h e  4th t o  5 th  s t r u c t u r a l  modes and 
then  follows t h e  5 th  mode t o  about  
T = 360 seconds. I n  t h i s  same system 
response t r a n s i t i o n  p e r i o d ,  T = 260 t o  
340 seconds, t h e  v e h i c l e  s t r u c t u r a l  mode 
governed by t h e  1st LOX tank  mode a l s o  
makes a t r a n s i t i o n  from t h e  4th t o  5 th  
s t r u c t u r a l  modes, wi th  t h e  4th mode becoming 
t h e  f i r s t  t h r u s t  s t r u c t u r e  mode. 

( 2 )  The 1 7  t o  1 9 . 7  cps  f l i g h t  response between 
T = 240 and 310 seconds,  F igure  5 ,  fo l lows  
t h e  c a l c u l a t e d  t o t a l  v e h i c l e  s t r u c t u r a l  
response t o  t h e  2nd LOX tank mode. 

*As used here, system response r e f e r e s  t o  t o t a l  s t a b i l i t y  
loop ,  whereas v e h i c l e  s t r u c t u r a l  response r e f e r s  t o  t o t a l  v e h i c l e  
s t r u c t u r a l  modes only.  
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c. Amplitudes of t h e  c a l c u l a t e d  5 t h  mode d u r i n g  t h e  
t i m e  of maximum response are compared w i t h  f l i g h t  
d a t a  i n  Table 111. 

2031-HES-SCS H .  E .  S t e h e n s  
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F igures  1-5 
Tables  I, 11, I11 
References 



NOTES : MASS = LE. SEC~IIN 
K'S = LEAN x 

MASS SHOWN 
IN RECTANGLES 
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FIGURE 1 - AS 504 CONFIGURATION I1 LONGITUDINAL MODEL, 29 DOF. 
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FIGURE 2 - T W O  MASS LOX TANK MODEL 
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S - I I  BURN TIME (SECONDS1 

FIGURE 4- ENGINE - LOX SUMP PHASE RELATIONSHIP,LONGITUDlNAL MODES 
AS.  504 S II BURN 

T = 200 TO 370 SECONDS 
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FIGURE 5 - AS 504 - S II PARTIAL LONGITUDINAL VEHICLE 
81 COMPONENT FREOUENCIES. 



TABLE I 

AS-504 INPUT DATA 

TIME V A R I A N T  PROPELLANT 

WEIGHTS, S P R I N G  CONSTANTS & FREQUENCIES 

( L B S )  -4 (LBS) -4 
L O X  W t  x 1 0  K 2  5 LOX T A N K  BOTTOM 

( 1 k ~ f u ~ ~ s x 2 ~ ~ 0  l b  ( I n c l u d e s  LH2 2 W 1  
s t r u c t )  2600  lb s t r u c t )  # / i n  x ( C P S )  ( c p s )  

0 1 5 . 7 7 4  81 .947  1 . 4  1 2  8 

4 0  1 4 . 1  

8 0  1 2 . 4 1  

7 2 . 8 8 5  1 . 4 7  1 2  8 

63 .588  1 . 5 5  1 2  8 

1 2 0  1 0 . 9 2 1  54 9 549 

1 6 0  9 . 2 1  45 .242  

1 . 6 5  1 2  8 

1 . 7 5  1 2 . 2  8 

2 0 0  7 5 0 5  35  - 924 1 . 8  1 2 . 6  8 

2 4 0  5 . 7 4 9  26  595 1 . 9  1 3  8 

280  4 . 0 8 4  

300 3 . 2 6 1  

320  2 . 4 4 8  

3 4 0  1 . 6 3 4  

3 4 5  1 . 4 3 1  

3 5 0  1 . 2 2 8  

1 7 . 2 9 6  

1 3 . 2 7 8  

2 . 0  1 4 . 4  9 

2 . 1  1 6  1 0 . 2  

9 .454  2 . 1 5  1 7 . 8  1 1 . 6  

5 . 6 6 1  2 . 2  1 9 . 4  1 2 . 8  

4 .662  

3 - 717 

2 . 2 5  1 9 . 8  1 3 . 3  

2 . 3  2 0 . 5  1 4  

360  * 8 2 3 7  2 239 2 .35  2 1 . 9  1 5 . 1  

3 7 0  * 5 3 5  .542  2 . 4  2 3 . 3  1 6 . 3  

* Tank bo t tom c o m p o n e n t  f r e q u e n c y  w i t h o u t  e f f e c t  o f  s p r i n g  between t a n k  
b o t t o m  and c e n t e r  engine .  



TABLE I1 

CALCULATED LOX TANK BOTTOM 

SPRING CONSTANTS AND MASS DISTRIBUTION 

(SEE FIGURE 2 FOR IDENTIFICATION OF K ' s  AND M's) t. 

s-I1 
f BURN 

TIME 
SECONDS 

K1 K1 K 2  # - s e c 2  #-sec 2 - 
M1 

( x 1 0 - 6 )  ( X l o - 6 )  i n  i n  K 2  

M2 

0 6 . 4 7  1 . 1 2  

. 9 9 9  

. 8 7 1  

. 7 4 7  

. 6 8 2  

. 6 2 2  

. 5 3 9  

. 4 0 4  

. 3 6 4  

. 3 0 3  

. 2 0 7  

. 1 7 0  

. 1 3 9  

. 0 9 1  

, 0 2 4  

1 8 4 9 .  

1 6 4 5 .  

1 4 3 5 .  

1 2 3 1 .  

1 0 0 9 .  

7 8 9 .  

5 7 2 .  

3 7 7 .  

2 9 3 .  

2 1 1 .  

1 2 7 .  

1 0 6 .  

8 4 . 8  

51.5 

1 2 . 6  

2 7 3 .  

2 4 3 .  

2 1 2 .  

1 8 2 .  

1 6 3 .  

1 4 1 .  

1 1 7 .  

7 0 . 8  

5 1 . 1  

4 0 .  

1 9 . 4  

1 5 . 2  

1 1 . 4  

6 . 5  

1 . 4 8  

5 . 7 5  

5 . 7 5  

5 . 7 7  

5 . 7 6  

5 . 2 2  

4 . 6  

3 . 8 8  

4 . 2 2  

4 . 7  

5 . 2 1  

5 . 5 6  

5 . 9  

6 . 4  

6 . 9  

7 . 4  

6 . 7 5  

6 . 7 5  

6 . 7 5  

6 . 7 6  

6 . 6 8  

5 . 5 9  

4 . 8 8  

5 . 3 2  

5 . 7 5  

5 .3  

6 . 5 5  

5 . 9 7  

7 . 4 5  

7 . 9  

8 . 4  

40 5 . 7 5  

80 

1 2 0  

5 . 0 2  

4 . 3 0  

1 6 0  3.55 

200  2 . 8 6  

2 4 0  2 . 0 9  

2 8 0  1 . 7 5  

3 0 0  1 . 7 2  

320  1 .58  

3 4 0  

3 4 5  

1 . 1 5  

1.01 

3 5 0  

3 6 0  

. 8 9 1  

. 6 2 8  

3 7 0  . 1 7 7  
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